It is commonly assumed that a protein must adopt a tertiary structure to achieve its active native state and that regions of a protein that are devoid of α-helix or β-sheet structures are functionally inert. Although extended proline-rich regions are recognized as presenting binding motifs to, for example, Src homology 2 (SH2) and SH3 domains, the idea persists that natively unfolded regions in functional proteins are simply 'spacers' between the folded domains. Such a view has been challenged in recent years and the importance of natively unfolded proteins in biology is now being recognized. In this review, we highlight the role of natively unfolded domains in the field of endocytosis, and show that some important endocytic proteins lack a traditionally folded structure and harbour important binding motifs in their unstructured linker regions.
Introduction
The phenomenon of endocytosis, in which a cell membrane invaginates to enclose the desired cargo, pinches off and then fuses to the membrane of a target organelle, was first described by Roth & Porter (1964) during their work on yolk uptake by mosquito oocytes. Since then, the perceived role of endocytosis as a mechanism for nutrient uptake by the cell has broadened extensively to encompass protein transport, receptor downregulation, synaptic-vesicle recycling and, more recently, cell signalling and differentiation (Schmid, 1997; Jarousse & Kelly, 2001; Piddini et al, 2003) . As our understanding of endocytosis has increased, so has the number of proteins that are known to be involved. Consequently, what seemed in 1964 to be a straightforward mechanism for nutrient uptake has become the hub of a network of vital cellular processes that are controlled by a wide range of factors.
Many endocytic proteins have several binding partners
During endocytosis, specific proteins assemble on the membrane as it invaginates, many of which are included in the protein coat that surrounds the newly formed vesicle (reviewed in Brodsky et al, 2001 ). The components of this coat were among the first proteins to be identified as having a role in endocytosis; these include clathrin and the adaptor protein (AP2) complex, which were isolated from clathrin-coated vesicles (Pearse & Robinson, 1984; Ahle et al, 1988; Heuser & Keen, 1988) . AP2 was subsequently discovered to be instrumental in selecting the contents of the vesicle, partly by binding specifically to motifs that are present in receptor tails on the cytoplasmic face of the plasma membrane (Ohno et al, 1995) . The AP2 complex therefore earned its name by providing a link between clathrin on the outside of the coat, and the receptors and their cargo on the outside of the cell. AP2 consists of two large subunits (α-and β2-adaptin), a medium subunit (μ2) and a small subunit (σ2). The large subunits are both composed of a 70-75-kDa trunk domain that is connected to an ~30-kDa 'ear' domain by an ~100-residue protease-sensitive 'hinge' region. Clathrin and AP2 have many binding partners; most of these have a role in endocytosis, but not all are part of the clathrin coat (reviewed in Lafer, 2002; Traub, 2003) .
Extensively unstructured regions in endocytic proteins
AP180, auxilin and epsin are all necessary for the formation of the clathrin coat, and circular dichroism data have shown that large proportions of their protein sequences are devoid of α-helices or β-sheets (Kalthoff et al, 2002; Scheele et al, 2003) . Although these regions are active, they seem to be unstructured. It is not unusual to find unstructured regions linking individual domains; the AP2 proteolytically sensitive hinge region is a well-studied example in endocytosis. However, the fact that so many of these functional proteins are unfolded challenges the commonly held perception of how a 'normal' protein should behave. This raises the question of whether other endocytic proteins also have a high proportion of unfolded structure. A strong indication of the potential secondary structure of a protein can be gained through secondary-structureprediction analysis. Table 1 and Fig 1 show the results of a secondary-structure analysis of several endocytic proteins, which were calculated from the consensus of eight secondary-structureprediction algorithms. The choice of proteins in this example was confined to those that are involved in clathrin-mediated endocytosis, and primarily to those that bind to clathrin or AP2. However, other proteins that are involved in transport and sorting might have similar properties. Figure 1 shows only long stretches of predicted random coil and illustrates how these are distributed throughout the protein sequences. Any continuous sequence of >40 residues that is predicted to be devoid of recognizable secondary structure has been classed as unfolded and shaded white; therefore, only extensive stretches of the predicted unfolded domains are shown. This is in contrast to Table 1 , which presents the total predicted random-coil content. It should be noted that the precise definition of the term 'unfolded' is subject to debate and is not necessarily confined to completely random states.
Here, we highlight the range of structures that cannot be described as α-helix or β-sheet, and which are extended in character and are solvent exposed. Figure 1 shows that many of the proteins that were analysed have long patches of continuous predicted random coil, which is contrary to what would be expected for a fully folded globular protein.
The importance of natively unfolded proteins
In recent years, increasing attention has been focused on the fact that many proteins are neither folded nor do they have substantial unfolded domains under physiological conditions (Wright & Dyson, 1999; Tompa, 2002) . These proteins have been described as 'natively unfolded' or 'intrinsically unstructured'. In fact, it has been predicted that >30% of all eukaryotic proteins are of this type (Dunker et al, 2000; Ward et al, 2004) . In his discussion of intrinsically unstructured proteins (IUPs), Tompa (2002) summarized the recent findings and proposed that the unstructured state deserves recognition as a separate functional and structural entity. Could the endocytic proteins under discussion here be members of this class? To answer this question, experimental data from all of the proteins, rather than the few examples that are available, are required. However, it might be instructive to compare the secondary-structure-prediction data from Fig 1 with what is known for IUPs. Figure 2 shows the amino-acid content of the endocytic proteins that were analysed as described for Fig 1, compared with those of globular proteins from the protein database, the IUPs analysed by Tompa (2002) and the amino-acid composition of collagen-a well-studied example of a protein that has an extended structure in its native form. IUPs are characterized by high levels of proline and charged amino acids compared with those of folded domains. The high prevalence of charged residues in these unstructured regions is thought to promote extension of the peptide chain, which suppresses the formation of a collapsed globular form (Dunker et al, 2001; Tompa, 2002) . The amino-acid composition of predicted unfolded regions from the analysis of endocytic proteins shows an elevated frequency of proline residues (20%) compared with globular proteins; this is almost twice the frequency that was reported for the IUPs analysed by Tompa (2002) . Proline-rich regions in endocytic proteins have been observed surrounding the Src homology 3 (SH3)-binding motifs of dynamin and synaptojanin (Gout et al, 1993; Wigge et al, 1997; Cestra et al, 1999) , and also in, for example, adaptorassociated kinase 1 (AAK1; Conner & Schmid, 2002) . In addition, the unfolded regions in the endocytic proteins show a significant increase in the number of smaller amino acids (serine, 12%; threonine, 8%; glycine, 10%; and alanine, 10%) compared with those observed for folded proteins and IUPs, and charged amino acids are also underrepresented. This composition is similar to that predicted for the collagen and collagen-like family of proteins (Fig 2) . It is possible that the high proportion of serine and threonine residues might point to the importance of phosphorylation sites in regions of protein disorder. Iakoucheva et al (2004) noted that disorder-promoting residues tend to surround phosphorylation sites in the SWISS-PROT protein database and there is no doubt that phosphorylation is an important control mechanism in endocytosis (reviewed in Korolchuk & Banting, 2003) . Hence, there seem to be both similarities and differences between IUPs, folded proteins and the class of endocytic proteins (Combet et al, 2000) , which computes a consensus of several different secondary-structure-prediction algorithms. AAK1, adaptorassociated kinase 1; AP, adaptor protein; ARH, autosomal recessive hypercholesterolaemia; CALM, clathrin-assembly lymphoid myeloid leukaemia protein; clathrin HC/LC, clathrin heavy chain/light chain; Dab2, disabled 2; Eps15, epidermal growth factor-receptor substrate 15; GAK, cyclin-G-associated kinase; GGA, Golgi-associated γ-adaptin homology ARF-binding protein; HIP1, huntingtin-interacting protein 1; HIPR, huntingtin-interacting protein 1-related; HRS, hepatocyte growth factor-regulated tyrosine kinase substrate. Table 1 .
that is under discussion; indeed, these proteins might actually represent a specific subset of IUPs.
Low-affinity binding motifs
For endocytosis to occur, a wide range of connections between proteins must be coordinated accurately and rapidly, and this is frequently achieved by the use of low-affinity protein-peptide interactions. The 'clathrin box' binding motif that is found in the proteolytically sensitive hinge region of AP2 β2-adaptin is one such example (Shih et al, 1995) . This motif, which is loosely described by the sequence LLNLD, has been identified in many other clathrinbinding proteins and has been shown, in some cases, to bind to the clathrin amino-terminal domain (Dell'Angelica, 2001). A second example of the use of such short peptide-binding motifs is found in the binding of the μ2-subunit of AP2 to YXXΦ motifs (in which Φ is a bulky hydrophobic amino acid) on the cytoplasmic tail of receptors that are destined for recruitment to the vesicle (Ohno et al, 1995) . In addition, tripeptide NPF motifs mediate protein binding to the Eps homology (EH) domains of the epidermal-growth-factorreceptor substrate 15 (Eps15; Salcini et al, 1997) , and proline-rich sequences in dynamin and synaptojanin are used to bind to the SH3 domain of amphiphysin McPherson et al, 1996; Grabs et al, 1997) . In the case of AP2, the tripeptide DPF/W, the FXDXF motif and, most recently, the WXX[FW]X[DE] motif have all been identified as binding to the AP2 α-adaptin ear domain (Brett et al, 2002; Mishra et al, 2004) . The degree to which these motifs have been characterized in each of the proteins in which they occur varies greatly. However, the binding constants that have been determined are generally in the range of 5-500 μM (de Beer et al, 1998; Miele et al, 2004) , which is relatively weak compared with, for example, enzyme-substrate or antibody-antigen interactions. The finding that such weak protein-peptide interactions can determine the complex and specific needs of endocytosis challenges the theory that a specific interaction must be of high affinity to be physiologically significant. Indeed, examination of the functions of unfolded regions in other proteins has highlighted their advantages in providing high specificity as well as low-affinity binding sites (Dunker et al, 2002) .
Structural data are available that show how peptides relating to most of these motifs bind. In two highly illuminating studies, both the clathrin terminal domain and the AP2 α-adaptin ear domain have been shown to contain more than one motif-binding site (Miele et al, 2004; Mishra et al, 2004) . The work of Brett et al (2002) and Mishra et al (2004) has revealed the nature of the binding sites for three motifs on the AP2 α-adaptin ear: DP Mishra et al (2004) have highlighted the physiological importance of competitive binding in the case of epsin, by showing a correlation between its relatively high affinity for the α-adaptin ear domain, its retention during vesicle formation and its inclusion in the clathrin-coated vesicle. The regions that are predicted to be structured are shown in green and those expected to be unstructured are shown in red. The average amino-acid composition of globular proteins is shown in yellow (Creighton, 1993) , and the amino-acid composition of human type I collagen is shown in blue. concept
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The 'fishing' theory of endocytosis It has recently been noted (Brett et al, 2002; Evans & Owen, 2002; Kalthoff et al, 2002 ) that unfolded linker regions or larger domains are important in many endocytic proteins. Interestingly, the short peptidebinding motifs described above seem to be coincident with such regions. This is the case for the clathrin-box motif in the β2-adaptin hinge region of AP2, and, certainly, most of the DPF and NPF motifs that are found in AP180 and epsin fall in unfolded domains. This pattern is being observed with increasing regularity for disordered regions in other proteins. In fact, it has recently been proposed that binding sites on extended regions have the added advantage of allowing several targets to bind with relatively low affinity (Dunker et al, 2001) . Studies of these regions in endocytic proteins have led Kalthoff et al (2002) to propose that AP180 and epsin mainly consist of a long flexible polypeptide that is attached to the membrane by a folded lipidbinding domain. The long flexible chain can access binding partners from a relatively large volume of the cytosol, whilst remaining attached to the membrane. Figure 3 , which is based on ideas proposed by Kalthoff et al (2002) , illustrates how such interactions might be used during clathrin-coat formation. Evans & Owen (2002) have also taken up the theme and have described this concept as 'protein fishing', in which an unfolded protein 'string' that contains several binding sites is able to 'hook' binding partners. In addition to the proteins analysed by Kalthoff et al (2002) , Evans & Owen (2002) refer to the presence of the clathrin-box-binding motif on the unstructured β2-adaptin hinge region and to the dileucine motif on the hinge of the Golgi-associated γ-adaptin homology ARF-binding (GGA) protein.
Do unfolded domains contain several binding motifs?
The idea of protein fishing through many linear low-affinity interaction motifs on an unstructured protein fishing line has been discussed here in relation to four main examples: AP180, epsin, AP2 β2-adaptin and GGA. However, it is also of interest to determine how widespread this phenomenon is for endocytic proteins. Figure 1 displays a range of proteins that have been analysed in terms of the location of extensive stretches of predicted random coil matched with the occurrence of some of the binding motifs. The white shading indicates continuous stretches of predicted random coil. Segments of random coil of less than 40 residues have been excluded; therefore, to be labelled as such, the stretch of random coil must already be sufficiently long. On the basis of the incidence of linear peptide-binding motifs, 84% of these cases fall in the regions of predicted random coil. Some deviations from the theory-for example, in the case of AP180-can be resolved by examination of the entire predicted protein structure. In AP180, the motifs are, in fact, on predicted loop regions that do not qualify as random coils in this study, but which have a notably unfolded character. Other cases can also be rationalized by the presence of a predicted random coil that fails the stringent test applied here. By contrast, in the autosomal recessive hypercholesterolaemia (ARH) protein, the verified clathrin box falls in a strongly predicted helix. Overall, however, it seems that these unstructured regions are generally used as a means to present binding sites to potential binding partners. (Ford et al, 2001 (Ford et al, , 2002 , the long flexible domains of AP180 and epsin have the potential to bind to several sites on AP2 and clathrin. They might also bind to many clathrin or AP2 molecules. In combination with the self-assembly properties of clathrin triskelions, this would result in a highly cooperative assembly mechanism (Takei & Haucke, 2001 ). This figure is adapted from Kalthoff et al (2002) and is reproduced with permission from the American Society for Biochemistry and Molecular Biology. Cooperativity. The combination of tethering to, for example, the membrane and several sites of interaction covering long distances increases the potential for cooperative binding. Physical tethering of a protein close to a weak binding site will create a high local protein concentration, thereby allowing the low-affinity binding site to become 'active'. This must be especially true when several copies of a binding motif are present along a length of polypeptide chain. Conversely, once the proteins in question are untethered, weak interactions will not prevent the release of the protein. Therefore, such a mechanism should facilitate efficient assembly and disassembly.
Biological advantages of an unstructured region

Final comments
The many binding partners of clathrin and AP2 raise issues of coordination and control in the cell. The work of Miele et al (2004) and Mishra et al (2004) indicates that, in the cases of the clathrin terminal domain and the AP2 α-adaptin ear, different motifs on the same accessory protein might bind to two separate sites on clathrin or AP2. Such a model of binding makes excellent use of the flexible properties of an extended polypeptide chain. These extended regions have the potential to bind more than one molecule of clathrin or AP2 per chain, thereby increasing the efficiency of the recruitment and assembly of these proteins during coat formation. Finally, as the coat assembles and detaches, the small diameter of these extended domains might facilitate optimal packing of the many proteins that are included within the confines of the clathrin coat. Although much remains to be understood, it is clear that the flexibility, length and small diameter of natively unfolded polypeptides are of prime importance during endocytosis.
